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ABSTRACT

Questionnaires were sent to transportation agencies in all
50 states in the U.S8., to Puerto Rico, and all provinces in
canada asking about their experiences with uplift problems of
corrugated metal pipe (CMP). Responses were received from 52
agencies who reported 9 failures within the last 5 years. Some
agencies also provided design standards for tiedowns to resist
uplift. There was a wide variety in restraining forces used; for
example for a pipe 6 feet in diameter, the resisting force ranged
from 10 kips to 66 kips. These responses verified the earlier
conclusion based on responses from Iowa county engineers that a
potential uplift danger exists when end restraint is not provided
for CMF and that existing designs have an unclear theoretical or
axparimental basis.

In an effort to develop more rational design standards, the
longitudinal stiffness of three CMP ranging from 4 to 8 feet in
diameter were measured in the laboratory. Because only three
tests were conducted, a theoretical model to evaluate the
stiffness of pipes of a variety of gages and corrugation
geometries was also developed. The experimental results
indicated a "stiffness" EI in the range of 9.11 x 10% k-in? to
34.43 % 10° k-in? for the three pipes with the larger diameter
pipes having greater stiffness. The theoretical model developed
conservatively estimates these stiffnesses.

Recognizing that soil over and around CMP‘s will contribute

to their stiffness, one field test was conducted on a pipe 10
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feet in diameter. The test was conducted with 2 feet of soil
cover and a foreslope of 2:1. This test indicated that the soil
cover significantly increased the stiffness of the pipsa.

Future plans include development of a finite alement
analysis to better describe the soil structure interaction. With
those relationships and the data from additional field tests,
design standards based on a rational design procedure will be
developed. The soll-structure analysis and the development of
design standards for CMP tiedowns will comprise the final phase

of this study.
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1. THE PROBLEM AND OBJECTIVES

l1.1. The Problem

In the mid 1970's Iowa Department of Transportation (Iowa
DOT) and Federal Highway Administration (FHWA) recognized that
corrugated metal pipe (CMP) were experiencing an unsuitable
number of uplift failures. ITowa DOT and FHWA recommended that,
for pipes over 4 ft in diameter, provision should be made for
tiedowns at inlets. In spite of these warnings, uplift failures
continued to occur; and in 1988, a survey of Iowa county
engineers revealed 12% of the 68 counties that responded
experienced uplift failures of CMP (Austin et al, 1990).
Although this frequency of failure is down from the 16% reported
in a 1975 Iowa DOT survey, the number of failures still is
unacceptably high.
1.2. Objectives

The goal of this research is to develop a rational method
for the design of tiedowns for CMP and te provide standard
designs. Because of the formidable scope of this project, the
study is divided into two phases with specific objectives in each
phase. The objectives of Phase 1 are: a) synthesize design
standards from state DOTs around the nation, b) determine
longitudinal stiffness of corrugated metal pipe and c) begin to
obtain experimental data on so0il-CMP interactien. This report
addresses the objectives of Phase 1.

The objectives of Phase 2 are: a) Complete collection of
data on soll-structure interaction, b) incorporate the water

depth computations of Austin et al (1990) into an integrated



program, <) synthesize all of the data into a rational design
procedure and develop software for use on microcomputers and d)
develop design standards for corrugated metal pipe tiedowns.

These objectives will be addressed at a later date.



2. LITERATURE REVIEW
2.1. Types of CMP

Different methods used to fabricate CMP result in four types
of pipe. Helical pipes with mechanical seams are corrugated
sheets joined with a continuous interlocking helical seam.
Helical, welded-seam CMP is similar to helical lock-seam except
that the pipe is welded continuously along the helical seam as it
is fabricated. Annular pipes with spot-welded seams consist of
curved corrugated plates spot-welded to form rings two feet in
length. These rings are joined by spot-welds to create CMP of
practical lengths. Annular, riveted seam pipes are similar to
annular spot-welded except that rivets are used as fasteners
instead of welds.

2.2. Potential Failure Modes

There are many possible failure modes for CMP. They are
discussed in detail by Watkins (1960) and Kennedy and Laba (1989)
and are summarized here:

1) Excessive deflection happens if the foundation soil is
highly compressible or the side £ill has not been properly
compacted as shown in Figure 2.1a.

2) Yielding of the wall section occurs when the scil has
considerable passive resistance and the CMP wall thickness is
insufficient to resist the superimposed loads. This is shown in
Figure 2.1b.

1) Rather than yield in compression, the pipe wall may

buckle under high load with inadeguate passive resistance from
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{a) excessive deflection

O

{b) yielding of the wall sectien

5

{e) elastiec ring buckling

O

seam failure

Figure 2.1 Potential failure modes.



the soil. See Figure 2.1lc.

4) Seam failure includes shear of bolts, rivets, or welds
at seams and occurs if the pipe is adegquate to carry the loads
but the fasteners are either substandard or spaced incorrectly.
This is illustrated in Figure 2.1d.

5) Corrosion may create holes which prevent the CMF from
remaining watertight.

Longitudinal flewural failure is often overlocked in design
and may be as important as consideration of CMP ring bending
failure. Possible causes of longitudinal bending, and thus the
potential for failure include: pore water uplift below the pipe,
differential settlement beneath the pipe, non-uniform bedding
support beneath the pipe, frost heave, expansive soils, and
earthquakes.

Several uplift failures which were most likely caused by
pore water uplift under structural plate culverts are documented
by Edgerton (1960) and Austin et al. (19920).

Watkins (1960) discusses the relationship of longitudinal
bending stresses which act perpendicular teo ring bending stresses
in the corrugations. High longitudinal stresses are avoided by
the relative compressibility of the corrugations as compared with
smooth wall pipe; therefore, biaxial interaction is considered
insignificant and longitudinal bending of CMP is analyzed
separately from ring bending.

Trautmann et al (1985) employed laboratory test results on

scale models to determine the longitudinal force displacement



raelationships for the models subjected to vertical ground
movement. Kennedy and Laba (1989) discuss lifting of the invert
which may be caused by soil settlement under the CMP haunches or
from increased water level under the steel structure which
creates an uplift on the bottem plates. Meser (1990) guantifies
the moment induced in pipes due to settlement and attempts to
relate it to deflection of the pipe cross section.

Mayberry and Goodman (1989) discuss a new method of
structural plate pipe installation which attempts to minimize the
effects of longitudinal bending. The plates are manufactured
with yielding seams which are designed to slip during bending and
to minimize any potential lengitudinal stresses.

Bakht (book in progress) discusses cross-sectional uplift
failure of the inlet due to settlement under the haunches and
longitudinal uplift failure of the entire pipe end due to bending
moments induced by longitudinal settlement and buoyancy effects.

No information was found in the open literature describing
methods to estimate the longitudinal strength and stiffness of
CMP.

2.3. Design Methods for CMP Subjected to Soil Loads

An equation for estimating the soil load on underground

conduits was developed at Iowa State University (Marston, 19%30)

and as applied to positive projecting conduits (Spangler, 1951}



is:

e’ (RfB _
1 (1)

where:

load per longitudinal length of pipe
height of £fill above conduit

unit weight of embankment soil

Rankine's lateral pressure ratio

'= goefficient of friction of £ill material
= putside width of conduit

= baza of natural logarithms

ﬂnﬂl'ﬁ m=ioa

Spangler (1941) extended Marston's work by developing a
method to relate the wertical load on the CMP to the horizontal
and vertical deflections. This equation, based on a deflection
criterion rather than a strength criterion, follows:

Kvr?
AX =D (2)
1 Er+0.061E 3

AX = horizontal deflection of CMP (approximately
equal to the vertical deflection)

= bedding constant

= vertical load per length of pipe

= pnominal pipe radius

= modulus of elasticity of pipe steel

= moment of inertia per unit length of cross

section of pipe wall
= modulus of soll reaction
D, = deflection lag facteor

W
r
E
I
EI
The deflection lag factor varies from 1 to 2 and is intended

to account for yielding of soil on the sides of the CMP which may

occur after maximum vertical load has been exerted on the CMP.



Because reverse curvature at the top of the CMP often occurs when
vertical deflections exceed 20% of the original wvertical diameter
(American Iron and Steel Institute, 1967), a factor of safety
(FOS) of 4 i=s applied te this method to limit the deflection to
5% vertically.

White and Layer (1960) describe a design procedure based on
the ring compression strength of the pipe wall. This method
assumes that the entire prism of soil above the pipe is supported

by the walls of the pipe. The relationship is shown as follows:

5
C= P x = 3
5 (3)

where: C = ring compression, lb/ft

P = soil pressure on top of the pipe, 1lb/ft?

S = gpan or diameter of pipe, ft
In this method, a FOS of 4 is used to limit the compressive
stress in the pipe walls to a hydrostatic soll pressure which is
equivalent to the overburden pressure divided by the FOS. No
deflection criterion is used.

The ring buckling phenomenon as it pertains to the pipe-soil

system has been studied by many researchers (Luscher, 1966;

Chelapati and Allgood, 19%72; Abdel-Sayed, 1978). A typical

buckling



formula developed for CMP is:

ET B H,
f:l'

ps = 1.73 (4)

wherea:

uniform applied pressure causing elastic
buckling

ring bending stiffness of CMP
coafficient of elastic support
constrained modulus of soil

nominal radius of tube

o
"
]

-]
L I

Krizek, et al. (1971) found that many of the design methods based
on elastic buckling provide similar results axcept under high
fills.

Circumferential loads on the CMP itself are probably highest
during the handling and installation process. At that time, the
CMP has no support from the lateral resistance of the soil and
must depend entirely on the ring bending strength until the CMP
is in place, back-filled, and the backfill compacted. With the
passage of time, soil arching increases and the vertical load on
the pipe decreases. Lefebvre et al. (1976) measured arching
effects in an embankment over a large span CMP and concluded that
12 days after construction, the pressure on the pipe was only 25%
of the calculated overburden pressure.

2.4. Numerical Analysis Methods for CHMP-Scil Interaction

CANDE (Culvert analysis and design) is a finite element

computer program developed specifically for the analysis of CMP

and soil interaction (Katona et al., 1976). CANDE incorporates
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Duncan's constitutive soil model (Duncan et al., 1980). Although
advances have been made using finite element modelling for design
of CMP installations, the accuracy of modelling is limited
primarily by the variations of soil strength and stiffness.
Poulos (1974) uses finite difference methods to estimate
deflections associated with longitudinal bending.

2.5. Laboratory testing

Laboratory tests of CMP have been conducted by loading pipes
to ring failure while attempting te replicate in-situ seoil-
structure interaction. This includes work done by Meyerhof and
Baikie (1963) to evaluate the strength of corrugated sheets under
circumferential load which are supported laterally by compacted
sand. From these tests, the soil stiffness limit is guantified
thus making it possible to determine if the CMP wall will fail by
yielding eor by elastic buckling. The results of these tests can
be combined with the ring compression theory and various buckling
theories to form a comprehensive design process.

McVay and Papadopoulos (1986) tested scaled-down pipe=-arch
models within a soil-filled plexiglass box and measured pore
pressures in the back-fill and deflection of the model under
loads. Watkins and Spangler (1%58) investigated the modulus of
passive resistance of the so0il and its effect on CMP deflections
using similitude technigues. Similitude was also used as a tool
to study the effects of loads on underground structures by Young
and Murphy (1964) and by Nielson and Statish (1972) and Nielson

{1972) to study the soil-culvert system.
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Testing to determine CMP longitudinal stiffness was
conducted at Ohio State University (Lane, 1965) on 231 specimens
including helical lock-seam, annular riveted, and annular spot
welded. These tests included pipes up to 3 feet maximum in
diameter.

2.68. Field Testing

Full-scale field testing of CMP under soil loads has been
performed on a variety of CMP products starting with the tests of
Marston and his associates in the 1930's. Those tests validated
the theory described in Section 2.3. More recently, Watkins and
Moser (1971) describe a testing procedure where loads on the
pipes in an embankment are simulated by hydraulic rams which
exert a downward force from load beams above the pipe. In other
studies, loads on the pipes are exerted by heavily weighted test
vehicles with high axle loads (Valentine, 1%64; Kay and Flint,
1982; Potter and Ulery, 1989).

Special design considerations are needed for CMP under high
fills. This has been studied by Spannagel, et al. (1974) and by
Brown, et al. (1968) where wvarious CMF were instrumented and
monitored to better understand the effects of large loads on CMP.

Another common field condition arises when culverts under
minimum cover (1 to 2 feet in some cases) are not adequately
protected from high surface loads. Duncan (1978) analyzed
minimum ceover situations using finite element analyses to develop
a "spil-culvert interaction methed" for culvert design. Ahlvin

(1960) studied the effects of minimum cover on a small diameter



12

pipe which was covered with 16 inches of material. Loads on the
pipe were created by a vehicle which simulated the axle loads of
large aircraft.

2.7. Large Span CMP Considerations

Large diameter CMP regquire special considerations because of
the difficulty in determining the stress distributions around
these structures (Selig, 1974). Instrumentation, monitoring, and
analysis of these larger structures is detailed by several
researchers (Selig et al., 1979; Duncan, 1979; McVay and Selig,
1982; FKay and Flint, 19%82).

Longitudinal pipe attachments know as “"compaction wings" and
"thrust beams"™ are designed to minimize problems during the pipe
installation. These problems may include (Selig et al., 1978):
inadequate compaction of soil against the CMP side walls, peaking
of the CMP crown and distortion of the shape during backfilling,
buckling of the structure from loads imposed by construction
eguipment, and flattening of the CMP as fill is placed above the
CEOWN .

Studies have been conducted to determine the feasibility of
using steel-reinforced earth (Kennedy et al., 1988; Kennedy and
Laba, 1989) where the reinforcement is placed in horizontal
layers throughout the embankment and tied to the pipe to provide
suppert to the CMP.

2.8 Generalizations of Literature Cited
Although considerable attention has been given to the ring

strength of CMP and to forces associated with overburden
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pressures and live loads, very few studies have addressed
longitudinal stiffness and uplift forces. More specifically,
only the analytical work of Poulos (1974), the model studies of
Trautmann et al (1985), and the laboratory testing of Lane (1965)

provide some insight into the longitudinal response of CMP.
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3. BURVEY OF TRANSPORTATION AGENCIES ON CMF TIEDOWNS

3.1 Ovarview

In order to synthesize design standards for corrugated metal
pipe (CMP) culvert inlet restraints used by various
transportation agencies, Iowa DOT and ISU sent guestionnaires to
each of the 50 states, Washington D.C., Puerto Rico and eight
provinces of Canada, requesting information on the use of
restraints and any uplift problems that may have been encountered
in the last five years. The data reported here do not include
data for Iowa which are presented elsewhere (Austin et al, 1990).

Fifty two (87%) of 60 agencies responded to the
gquastionnaires. Of those responding, nine agencies report uplift
problems in the past five years, and 26 of the 52 regions
incorporate some type of an uﬁlift restraint. Eighteen of those
26 agencies developed the restraints in response to earlier
problems and twenty-two agencies provided copies of their design
standards for end restraints for this survey.
3.2 Summary of Uplift Problems

In lieu of specifically identifying the wvarious
transportation authorities that responded, the agencies are
identified by number. Table 3.1. summarizes data from seven of
the reported uplift problems in some cases incomplete data were
available and are indicated by "nd" in the table. Two agencies
that experienced uplift problems provided no specific data on the
nature of their problems. In all cases, except for Agency 1, the

pipes were circular with diameters ranging from 36 to 114 inches.
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For the agencies who reported soil cover depths, the cover ranged
from 5 to 10 feet with the deepest cover of 10 feet over the
largest diameter pipe of 114 inches reported by Agency 6. All
problematic pipes were sguare ended except for Agency 1 with a
CMP that had a step beveled inlet and Agency 6 with a beveled
inlet on their CMP. In all cases, the damaged pipes were
replaced with new CMP and in most situations end restraint was

added.
Table 3.1. Summary of CMP Uplift Problems.

Agency Diameter or span/rise Length Skew Cover depth
(in.) (ft)  (deg) (£t)
1 180/108 nd nd nd
2 T2 nd S50 5
96 nd S0 8
3 B0 52 nd nd
4 36 40 10 "very little®
5 &0 nd nd 5
L 114 164 30 10
7 96 a0 0 L

3.3. Types of End Restraints

The variety of end restraints can be classified as anchors,
head walls, wing walls, and slope collars. Figure 3.1 shows
schematic drawings of each type.

Anchors consist of vertical concrete walls, perpendicular to
the axis of the pipe, that extend to mid height of the culvert,
and are bolted to the pipe with a large mass of concrete below
ground. The pipe ends are beveled above the top of the concrete.
In some situations, cutoff walls extend below the concrete

anchors.
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a) ANCHCR

!

b) FULL STRAIGHT HEADWALL

—

e} WINGWALLS

—

d) SLOPE COLLAR

Figure 3.1 Types of headwalls described by agencies respending
to survey.
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Head walls are vertical concrete walls, perpendicular to the
axis of the pipe, that extend above the top of sguare ended pipe.
Wing walls are similar to head walls but incorporate vertical
walls on both sides at an angle to the to the axis of the pipes.
The angled wing walls serve to direct flow inte the pipe, aveid
erosion or piping adjacent to the inlet, and add mass to resist

uplift.

Slope collars may be either concrete or metal. The collars
surround the culvert inlet, perpendicular te the pipe axis, and
are parallel to soil slope of the embankment above the culvert.

Three agencies aveid the uplift problem by not using CMP and
six others limit the maximum diameter of CMP. The maximum
diameters range from 54 to 84 inches.

Anchor walls are used by & agencies, headwalls by 6, wing
walls by 4, concrete slope ceollars by 5, and metal slope collars
by 3. One agency uses anchor walls for CMP less than 48 inches
in diameter and either slope collars or wing walls for pipe
larger than 48 inches in diameter. A northern agency uses anchor
walls on pipes 12 to 54 inches in diameter with the latter as the
maximum diameter they will use. An agency from eastern United
States uses wing walls on CMP between 36 and 72 inches diameter
and headwalls on pipes 48 inches in diameter. The maximum
diameter CMF that the eastern state uses is 72 inches. One

north-central agency uses a system of longitudinal stiffeners.
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3.4. Force Comparison of Various Restraints

In order to compare the various restraints, for each
standard, the resisting force of the restraint was computed for a
range of pipe diameters and with a constant cover depth of 2
feet. When the data are compared, it is apparent that the
relationships between the resisting forces and pipe diameters can
be classified as either linear or exponential shaped curves. The
following graphs, Figs. 3.2 and 3.3, show the relationship
between resisting force and pipe diameter according to various
standards. In all cases but one, the end of the curve represents
the maximum diameter CMP that the agency recommends. Also shown
is the relationship resulting from the rational analysis of
Austin et al (1990).

All of the agencies with standards having a linear
relationship between force and diameter, shown in Fig 3.2, have
standards that result in much lower forces than those calculated
by Austin et al {1990). Agency 2 with the lowest forces in its
standards is alsoc the only one which had an uplift failure when
rastraint was used.

Agencies with standards that have an exponential
relationship between resisting force and pipe diameter are shown
in Fig. 3.3. Although the exponential curve of Austin et al
(1990) was acknowledged to be ax£ramely conservative; only one
agency, with an exponential relationship between pipe diameter
and resisting force, has standards with lower forces. The other

three agencies have standards with resisting forces that are
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equal or exceed those of Austin et al.
3.5 Conclusions from Burvey of Agencies

In general, uplift failures of CMP throughout North America
and Puerto Rico are fairly rare with only 17% of the agencies
reporting failures within the last five years. 0Of those
reporting failures, only one agency had used end restraint
standards. Twenty six of 52 agencies have standards and three
other agencies do not use CMP. Of those agencies that provided
data to compare end restraint force as a function of CMP
diameter, five have lower resisting forces than those computed by
Austin et al (1990) and three have forces approximately equal or
slightly greater. The large range in these standards and the
continuation of uplift failures suggest that experimental work
including the determination of pipe longitudinal stiffness and
soil=-pipe interaction is appropriate to develop a rational set of

standards for end restraint.
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4. TEBTING
4.1. Overview of Testing Program

Because no longitudinal stiffness data for large diameter
CMP are available in the literature, a program of flexural tests
on larger diameter CMP was initiated. Three specimens, 4 feet, 6
feat, and 8 feet in diameter, were selected for testing. The
specimens are identified as ISUl, ISU2, and ISU3 respectively and
are described in Table 4.1.

4.2, Test Frame

In order to test each CMP in flexure, specimens were simply
supported and distributed loads were applied in increments. As
shown in plan view in Figure 4.1, independent frames support each
end of the test specimen. A side view, an end view, and
photograph of the test set-up are shown in Figures 4.2, 4.3, and
4.4, respectively.

Wire rope of 5/8 inch diameter suspended between columns of
the frames provided end support for the CMP. The wire rope
support permitted testing of CMP up to 9.5 feet in diameter with
no modifications and allowed end rotation of the CMP. The CMP
deflections were corrected for wire rope elongation.

The test frame was designed to resist the loads associated
with the testing of the largest test specimen. The geometry of
the wire ropes under load was determined so that rope tensions
and corresponding loads on the frame could be calculated for each
test specimen. The test frame was designed with sufficient

stiffness to minimize column movements and limit rotation in the
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Table 4.1 Flexural test specimens and instrumentation.

B T e
EPecimﬂn

Paramaeter IsUl Isuz IsU3

Diameter (in.) 48 72 o6&

Corrugation style Ix1l Iix 1l I x 1

Fabrication style Healical Helical Helical
welded welded welded
Seam seam Sean

Nominal length (ft) 20 25 24

Effective length 2316.5 293.5 286.0

(in.)

Gagea 12 14 14

Hominal uncoated 0.1046 >.0747 0.0747

thickness (in.)

Weight (lb/£ft) 50 75 100

Dial gage @ free Yes Mo Mo

end (Fig. 4.13)

Dial gage @ Yes Yes Yes

horizontally

rastrained end

(Fig. 4.13)

DCOT's around Yas Yes Yas

circumference @
mid=-span (Fig.
4.11)

Mid-span strains Yas Yes Yes
on compression side
(Fig. 4.9)

Mid-span strains Yas Yes Yas
on tension side
(Fig. 4.9)

Quarter-span Yes Yes Yes
strains on

compression side

(Fig. 4.10)

Quarter-span LCDT Yes Yas
strains on tension (no strain
side (Fig. 4.10) gage)




Table 4.1 cContinued.
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——r T e = — — — e S e 2= — |
Farameter IsUl Isuz ISU3
Mid-span horizontal Yes Yes Yes-sSL'
deflection (Fig. 4.12) Mo-F*

Mid-span wvertical Yes Yas Yes
deflection (top)
(Fig. A.1)
Mid-span wvertical Yeas Yes Yes
deflection (bottom)
(Fig. A.1)
Quarter-span vertical Yes Yas Yes
deflections (bottom)
(Fig. A.1)

 _ — . — = == ... o=

! garvice load test

2 failure test




26

Mot to scale
BASE BEAM (W18 x 50

SUPPORT CABLES [B/8 "4
I r-——-— COLUMNS (W18 = 50)

== s —r——————— 1
1 e = |

4’
(20" LOMGH

ISU2
125 * LONG] VARIES

15U3
[24 * LONG)

1wiuzs - |-

TYPICAL CABLE BRACKETS
T12- |
b |
1| ! !

1’ 8 |

Figure 4.1 Plan view of load frames.
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Mot to scale
Z -8 x4 1 38 snhgles
153
ISU2
1SU1
Ta"
- 3. Ga 38
anglas

g W 18 3 50

Figure 4.3 Side view of typical load frame.
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Figure 4.4 Photograph of load frame with ISUl being tested.
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(k) inherent restraint due to upward angle of end support wire
rope

Figure 4.5 CMP rotational restraint.
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{b) transverse view of CMP specimen

Figure 4.8 Sand loading on CHF.
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longitudinal direction during testing.

For the specimen 4 feet in diameter, it was necessary to
provide restraint te prevent the CMP from rotating about its
longitudinal axis if leoading was placed slightly off center (see
Figure 4.5a). For larger specimens, the possibility of rotation
was limited as the angle of the wire rope end support decreased
(i.e. in Figure 4.5b o, < a,).

Horizontal restraint on one end of the CMP prevented
longitudinal pipe movement as shown in Figure 4.6. These
brackets, while limiting longitudinal movement, allowed end
rotation of the CMP and elongation of the wire rope end supports.
4.3, CMP Diaphragms

Reinforced concrete diaphragms in both ends of the CMP
specimens contained the water used as load inside of the pipes
and also prevented potential distortion of the CMP cross section
at the ends. A longitudinal section through the diaphragms in
Figure 4.7a illustrates how the diaphragms are connected to the
CMP. Reinforcement for the diaphragms is shown in Figure 4.7b.
4.4, Test Loading

sandbags and water provided the loads on and in the pipes.
The sandbags were used in the elastic range of each test and
usually wera stacked symmetrically about the centerline on the
top of the CMP as shown in Figure 4.8. When testing Specimen
ISUl to failure, sandbags were also suspended from the CMP on
platforms supported by 3716 inch wire rope as shown in Figure

4.8b. Water load inside the pipes was combined with sand load to
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provide enough load to collapse the specimens. As the CMP
deflected vertically, the water load was no longer uniform along
the CMP length therefore moments rather than loads are used to
characterize the response of the pipes.

The testing program included a service load test and a
failure load test for each specimen. Service loads were assumed
to induce a moment in the CMP which resulted only in elastic
deformations and included both loading and unloading. Loading in
the service load tests was limited so that the maximum was
applied in the elastic range, approximately 1/2 of the ultimate
moment capacity of the CMP. The ultimate moment capacity was
estimated using limited information provided by a manufacturer of
CMP. In the failure load tests, the CMP was loaded until a
corrugation collapsed on the compression side of the CMP. It was
assumed that data from the elastic range of the failure test
would replicate the data from the service load test. Tables 4.2
through 4.7 present loadings and longitudinal mid-span moments on
the three specimens. Service load tests are referred to as
ISU15L, ISU2EL, and ISU3SL; similarly, failure load tests are
referred to as ISULlF, ISU2F, and ISU3F.

4.5. Test Instrumentation

Test specimens were instrumented with six types of
instrumentation including: electrical resistance strain gages,
direct current displacement transducers (DCDT), wvertical
deflection gages, horizontal deflection gages, dial gages to

monitor wire rope elongation, and a water level monitor.
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Table 4.2 Test loading - ISU1SL.

—
Load Uniform Non=-uniform Mid-span
point distributed distributed moment

load (lb/ft) load (1lb/ft) [(k=fL)
1 0 0 2.43
2 70 o 5.83
a 140 " 0.24
4 210 W 12.6
5 315 " 17.8
& N 5E& 22.86
7 " 106 25.5
B " 158 28.4
9 " 214 il.6
10 " 269 314.7
11 " 320 17.6
12 " 371 40.5
13 " 423 43.4
14 " 480 46,5
15 " 536 49.5
1é " 584 B2.1
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Table 4.3 Test loading - ISULF.

Load Uniform Non-uniform Mid-span
point distributed distributed moment
load (lb/£Lt) load (lb/£t) (k-ft)
1 0 0 5.83
2 175 " 11.0
3 350 " 19. 5
4 467 " 25.2
5 642 " 33.7
& T12 " 37.1
7 782 " 40.5
8 B52 " 43.9
) 957 " 49.0
10 1062 " 54.1
11 1062 58 57.0
12 Non-uniform * 56 30.9
13 782 299 67.5

* JIrregular arrangement of sand 1oad on speclmen due to

load failure as discussed in section 4.1
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Tabla 4.4 Test loading - ISU2SL,

Load Uniform Non-uniform Mid-span
point -distributed distributed moment
load (lb/ft) load (1lb/ft) (k=fL)
1 o o 5.61
2 - 54 10.5
3 " 1407 15.4
4 " 165 20.7
& " 223 27.5
& " 280 33.2
7 o 332 7.1

Table 4.5 Test loading - ISUZF,

Load Uniform Non-uniform Mid-span
point distributad distributed moment
load (1lb/ft) load (lb/ft) (k=£ft)
1 0 o .61
2 " 107 15.8
3 " 165 21.3
4 " 223 28.1
5 " 2713 12.9
& " 332 37.4
7 " 186 43.0
8 " 442 49.3
9 " 4973 EElZ
10 " 552 66.1
11 " sS&2 72
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Table 4.6 Test loading - ISU3SL,

Load Uniform Hen-uniform Mid=-span
point distributed distributed momant
load (lb/ft) load (1b/ft) (k-£t)
1 i} o 7.81
2 " 62 12.2
3 " 125 17.1
4 - 186 21.9
5 - 247 26.9
& " 313 32.3
7 H 375 37.4
i n 440 42 .7
9 - 1599 47 .7
10 " 560 52.7
11 " 622 58.0
12 " 686 63.4
13 " 752 68.9
14 " 809 73.8
15 " 876 79.7
16 n 935 84.9
17 - 994 90.1
18 " 1064 96.7
13 " 1125 1ad

" 1136 109

o]
L
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Table 4.7 Test loading - ISU3F,

Load Uniform Non-uniform Mid-span
point distributed distributed moment
load (lb/ft) load (lb/fft) (k-ft)
1 0 0 7.81
2 70 " 12.1
3 130 " 16.3
4 130 n 20.86
5 250 " 24.9
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Strain gages were attached to the CMP surface and coated
with polyurethane as a moisture barrier. These 120 ochm gages
with three-wire leads were wired in a quarter-bridge
configuration. BStrain gages are on the CMP centerline as shown
in Figure 4.9; a diagram of a typical ceorrugatien (both on the
tension and compression sides of the pipe) with strain gage
locations is shown in Figure 4.9%. Strain gages were also
mounted, as shown in Figure 4.10, at the guarter-point locations
on the CMP to determine if the pipe was bending symmetrically.

DCDT's were used to measure the movements between the
corrugation peaks and were oriented around the circumference of
the pipe at the longitudinal mid-point as shown in Figure 4.11

Vertical deflections were determined by reading CMP
elevations on engineering scales suspended from the bottom of the
CMP at the guarter points and at the mid-span as well as a scale
attached to the top of the CMP at the mid-span. The scales were
read with surveying transits. Engineering scales were used
because large deflections were expected. Deflections as large as
21 inches could be measured with reasonable accuracy as the
scales were accurate to the nearest 0.005 of a foot. WVertical
deflections were used to calculate the flexural stiffness of the
CMF, to quantify the deflected shape of the CMP, and to determine
changes in the CMP vertical diameter.

The deflected shape was used to account for the non-uniform
depth of water along the length of the CMP as discussed in the

Section 4.4. Variations in the water depth along the CMP were
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Longitudinal strain

{b] Detail A
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Figure 4.10 Typical location of strain gages at quarter-spans.
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MNominal gage length = 8" ——=

{a) attachment of DCDT to corrugation

i

(B)] locations of DCDT installations around the transverse seaction
view

Figure 4.11 Installation of DCDT's at CMP mid-span.
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used to calculate the moment caused by the non-uniform load.
Vertical deflections of the top and bottom of the CMFP were
subtracted to determine changes in diameter of the CMP at the
centerline.

A steel rod and DCDT were placed horizontally betweean
adjacent walls of each test specimen to measure changes in the
horizontal CMP diameter (see Figure 4.12). This allows the
measuring system to move with the CMP during testing.

Dial gages were used to measure vertical deflection due to
wire rope elongation at the end support locations as shown in
Figure 4.13. Vertical deflections were needed to determine
actual CMP vertical deflection as noted in Section 4.2.

To determine the depth of water in the CMP at any time,
three flexible tubes were attached to the bottom of the test
specimens and positioned vertically on a calibrated board. The
water level in the tubes was the same as the water level in the
CMP. Although this system was simple, it was gquite accurate.
The only problem occurred with test Specimen ISU2 which deflected
to such an extent that the top of the CMP at the middle came in
contact with the water surface during the failure test. The CMP
then became pressurized and the water depth readings were not
accurate.

Water depth data and vertical deflection data were recorded
manually after sach load increment. Data from all strain gages
and DCDT's were recorded with a Hewlett-Packard data acquisition

system (DAS).
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Figure 4.12 Interior view of diaphragm form and rod used to
measure relative wall movement.
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Figure 4.13 Dial gages to measure CMP deflection due to cable
elongation.
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4.6, Uniaxial Tensile Tests

Two CMP wall sections were removed from Specimen ISU3 and
tested in uniaxial tension according to ASTM standard E-8 [ASTH,
1991). Because of the curvature of the specimens, strain gages
were utilized to measure biaxial strains on both sides of the
specimens. The strains from both sides were averaged to account
for the bending that occurred as the specimens straightened

during the tensicn test.
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5. EXPERIMENTAL RESULTS
5.1 Bocope of Reported Reaulta

Results from the tests performed on Specimens ISU1l, IsUZ,
and ISU3 are presented in this section. Applied moments, mid-
gepan vertical deflections and steel surface strains, on the
compression sides of the pipes are reported here. Strains on the
tension side of the specimens were generally smaller than strains
measured at corresponding corrugation positions on the
compression side and therefore are not reported. Strain data
from the guarter point locations on the specimens indicated
symmetrical behavior; as their magnitude was significantly
smaller than the midspan strains they have been omitted from this
report.

DCDT data were recorded to evaluate the speculation that
horizontal corrugation crest displacements would be proportional
to the vertical distance from the CMP neutral axis of
longitudinal flexure. Although this was found to be generally
true, there are a few exceptions. Also, horizontal crest
displacements at the top and bottom of the CMP were not always
similar values. This difference between top and bottom
displacements may be related to a shift of the CMP neutral axis
in flexure.

Horizontal diameter change data are not shown, but indicate
that significant cross-sectional distortions occurred due to
placement of the load on different parts of the cross-section.

Az a result, all deflection data used for calculation of the CMP
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flexural EI factors were obtained from the location on the CMP
where the load was not placed during the test. Longitudinal
moment capacity, stiffness, and mid-span deflections measured or
calculated from test measurements are summarized and discussed
here.

Yield moments are defined as those moments which cause the
element under the highest stress on the CMP (see Figure 5.1) to
reach a yield stress state. The yield stress state is identified
by the point at which the relationship between longitudinal
atrain at the corrugation crest and applied moment becomes non=-
linear. Ultimate moments are reached when the corrugation under
the greatest stress collapses, as shown in Figure 5.2, and
deflections become excessive and unpredictable. Maximum
deflection values are reported at incipient collapse, just prior
to the large deflection associated with corrugation collapse.

As noted in Chapter 4, water load was used in many of the
tests. The determination of the moments from this leoad is
presented in Appendix A. Because wire rope elongation was part
of the vertical deflection measurements, CMP deflections were
measured at both ends of the CMP. They were then averaged and
subtracted from the vertical deflection measurements to determine
the CMP deflections due to flexure.

Stiffness values were calculated from the service load tests
assuming that the simple-span CMP is a small beam subjected to
uniform distributed loads. It is recognized that this approach

is a broad extension of the original intent of the following
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Figure 5.1 CMP element subjected to the highest stress.
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plastic hinge 7

Figure 5.2 Idealized corrugation collapse.
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equations. Secondary effects in the behavior of large diameter
CMP, including a shift in the neutral axis, may make these
equations subject to guestion; however, a similar approach was
employed by Lane (1965), so these equations may be viewed as a
first approximation solution to the problem of determining EI for
CMF.

The equation for deflection is:

SwiLt
- (&)
¥ 384ET
and the equation for moment is:
2
M = 22 (7)

where:
A, = vertical deflection at midpoint of CMP
w = uniform distributed load
L = length of CHMP between supports
EI = longitudinal stiffness factor for CMP
M, = mid-span moment applied to CMP
Combining equations, EI can now be calculated:
SM L
El =« ———— 8
484 (s

5.2. Moment vs. Vertical Daflection

Figures 5.3 through 5.5 show the results of moment wvs.
midpoint deflection for each CMP specimen tested under both
service leading and failure loading. Service load tests are

shown as dashed lines and failure tests as solid lines. Each
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graph shows an initial moment due to the CMP self-weight at zero
deflection. The wvertical lines at the end of each curve
represent the sudden deflections which occcur when the specimens
reach an ultimate moment. Moment values and EI factors derived
from the graphs are shown in Table 5.1.

Test results on Specimen ISUl are shown in Figure 5.3 where
significant points on the curve are identified by letters.
Figure 5.3 shows a linear load-deflection curve between A and B
due to sand loading. The curve becomes non-linear between B and
C due to the water loading which is vertically elongating the CMP
cross-section. Thus, the deflection is due partly to flexure and
partly to localized cross-section deformations. The failure test
shows a linear curve from D to C where the loading is all sand.
It appears that the top and bottom deflections in this region are
gsimilar because the wire ropes which support the hanging sand may
be providing lateral resistance on the sides of the CMP which
resist cross-sectional distortions. The loading between D and E
is water. At E, a leocad shift occcurred and a portion of the sand
load fell from the CMP. Although the mid-span moment on the CMP
decreased, the CMP deflection did not significantly decrease and
appears to have actually increased; this may be evidence of
plastic deformations of the CMP which occurred at or before the
instant when the sand fell from the specimen. F and G represent
the mid-span moments due to sand remaining on the pipe
immediately after the load shift and dus to the sand which has
been leveled and re-stacked on the CMP. H is the deflection at
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Table 5.1 Summary of flexural test results.

Spacimen
Parameter ISUL Is0z IS5U3
Diameter 48 72 96
(In.)
Corrrug. Jxl 3xl Ixl
Sty.
Fabrico. Continuous Cont inuous Continuous
Style Weld Weld Weld
Nominal 20 25 24
Length
(EE)
Eff. 236.5 293.5 286
Length
(in.)
Gage 12 14 14
Weight 50 75 100
(1b/EL)
Yield 22.6 20,.7=27.5" 312.3-42.7°
Moment
(10° k-ft)
Ultimate 67.5 71.0 109.1
Moment
(10° k-ft)
EI a1l 1060 3443
{1x10°
1b=-in%)
Mid-span 1.5 1.5=2.3" 0.7-1.0"
Defl. (In)
g yvield
moment
Mid-span <5.4F >10.7¢ 7.25
Defl.(In)
@ ultimate
momant

® difficult to interpret a single value for location
of non-linear behavior; range is used

b deflections in the range of interpreted yield moment

 unakle to measure deflectieon at instant of incipient

collapse
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which the ultimate CMP moment was reached and I is the deflection
that occurred after the specimen collapse.

Figure 5.4 contains data for Specimen I5SU2 and shows fairly
uniform behavior throughout both tests; this uniformity may be a
result of leading only with water during both the service load
and failure tests. A and B are the mid-span, post-collapse
deflections that were estimated.

Figure 5.5 shows a significant difference in top and bottom
deflection throughout the loading ranges. This diameter change
may be larger than the changes for the other specimens because
Specimen ISU3 has the largest radius; and vertical diameter
changes are known to be a function of the CMP radius cubed
(Young, 1989). The vertical diameter decreases during the
service load test with sand loading and increases during the
failure test with water leocading. This response is expected when
the loading system of sand on the top and water inside the pipe
is considered.

Figures 5.6 through 5.8 show test specimens after loading to
flexural failure. Specimen ISU2, shown in Figure 5.7, has a
large vertical deflection which is due partly to the loading
which was still applied to the CMP when the picture was taken.
Specimens ISUl, Figure 5.6, and ISU3, Figure 5.8, show parmanent
deflection only. Figure 5.9 shows the specific locations of the
collapsed corrugations in each of the three test specimens.
Specimens ISU1l and ISU3 collapsed at locations near the mid-span

which carries the maximum moment whereas Specimen ISU2 collapsed
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Figure 5.6 ISUl after collapse.

Figure 5.7 I8U2 after collapse.
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Figure 5.8 1IS5U3 after collapse.
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(a) 1IsUl
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(b) 1sUV2
I- 154" - 126%" -
(e) 18U3

Figure 5.9 Locations of corrugatien collapse.
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at two locations that were not under the greatest moment. The
reason for this anomaly is not clear.
5.3. Moment va. Corrugation Strainm

Figures 5.10 through 5.12 show strains on the CMF near the
element subject to the greatest stress. Tensile strains are
shown as positive values. Each figure shows either a point or a
range where non-linear crest strains begin; and these moments or
range of moments are defined as failure for each specimen. All
the graphs show an initial moment at zero strain due to the CMP
self-weight.

In general, longitudinal and hoop strains at the inflection
points, shown in Figure 5.13, have small positive and negative
values indicating the presence of small stresses. Thesa
longitudinal stresses may result from inaccurate placement of
strain gages on the inflection point or from axial shortening
which occurs in addition to the flexural effects. Longitudinal
strains at the tangent point and crest, as shown in Figure 5.13,
are typically greater than hoop strains at the same locations.
Figure 5.12, for Specimen ISU3, shows tangent point strains which
are compressive rather than the typical tensile strains at this
location. This is probably caused by the sand loading on top of
the pipe.

5.4 Uniaxial Tensile Test Results

Results from the tensile tests include yield stress,

ultimate stress, and modulus of elasticity of the specimens as

shown in Table 5.2. The average yleld stress from the two tests
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Detail A

0

lal CMP specimen

CREST
TANGENT POINT

INFLECTION POINT

(b} Detai A

Figure 5.13 cCorrugation reference points.
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Table 5.2 Tensile test results.

e
Material Wall Wall Average
Property Section 1 Section 2 Value
Yi&]‘.d Strength 62,000 76,400 69,200
(ps1i)
Ultimate Strength 69,170 83,400 76,300
(psi)
Young's Modulus 34.2x10% 37.3x10% 35.8%10°%
{psi)
Base metal thickness 0.075 0.078 0.0755

{in)
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is 69,200 psi and the average modulus of elasticity is 36.5x10%
psi. Thesa values are considerably higher than the nominal
values for steel, so they are not used for further analysis.

Yield stresses are calculated for each flexural specimen
based on measured strains within the CMP wall. Poisson's ratio
for steel is taken as 0.3, and modulus of elasticity, E, as
29%10% psi, which are accepted values by ASTM. The yield
stresses are shown in Table 5.3. Yield stresses for a specific
element on the CMP surface are characterized by two values; hoop
stress at yield and longitudinal stress at yield.
5.5 Ratios of Hoop Strain to Longitudinal Strain

Strain ratios, K, are tabulated in Table 5.4 for each test
at both the tangent point and the crest locations on the tops of
the pipes. The measured strains appear to be influenced by
external factors such a= localized load placement; therefore,
many of the strain ratios are not used for further analysis.
Strain ratios for the tangent point and crest are typically
averaged. The strain ratios are used to calculate ratios of hoop
stress to longitudinal stress with the Poisson's ratieo and
modulus of elasticity. The resulting stress ratios are 0.681 for
Specimens ISUl and ISU2 and 0.66 for ISU3. When theoretical
formulas are applied to other CMP specimens, an average value of

0.63 is used.
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Table 5.3 Yield stress values calculated from yield strain
measurements.

R — — e —ac e
Longitudinal yield Hoop yield stress
Test stress (psi} (psi)
1501 10,900 18,850
1502 35,900-4%,100 21,900=30, 000
I503 23,500-31,800 15,500=-21,000
= = E—— e — T ———

Table 5.4 Ratios of measured hoop strains to measured
longitudinal strains.

P—

Strain Ratio Inflection Point Crest

ISU1SL 0.38 &b 0.15 Wb

ISULF 0.16 & 0,22 *b

ISUZEL 0.39 0.37

ISUZF 0.50 *® 0.40 *

ISU3ISL -0.42 b -0.40 "

ISU3F 0.40 %% D.50 %*
e————

® variable; average value shown

b possibly influenced by local load effects
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6. THEORY FOR GENERAL APPLICATION TO OTHER LARGE CMP
6.1. Longitudinal Moment Capacity

The measuraments of longitudinal moment capacity were
limited to three large diameter pipes by budget constraints;
however for this study to have broader applications, an equation
is needed to relate the influence of pipe diameter, steel gage,
and corrugation geometry to CMP longitudinal moment capacity. To
meet this need, a general equation to calculate longitudinal
moment capacity for any CMP is developed based on mechanics
principles and on observations from the flexural tests.

To calculate CMP moment capacity, assumptions are made about
the position of load and moment acting on a section taken from
the CMP corrugation. This guarter cycle is shown in the free
body diagram (FBD) of Figure é.1 and is located at the critically
stressed location of the transverse section. The differential
compressive forces acting on each end of the corrugation are dP
and dP+d(dP) dx. dP represents the differential force which,
when summed around the upper one-half of the transverse cross-
section, represants the strength of the compression side of the
CMP. d(dP)/dx is the change of force with distance along the
longitudinal axis; but because d(dP) fdx is small, it is not used
further in the derivation. Therefore, compressive forces on both
ends of the corrugation are shown as dP. M, represents the local
corrugation moment at which the outer material fibers are under
the highest stress. Fy, and F,. are downward force components on

front and back sides of this longitudinal section view resulting
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M
o -

4

{(a) FBD of 1/4 corrugation cycle from longitudinal section

\

transverse cross-section view of CMP

CNA

dP

{—-—

Figure 6.1 CMP moment capacity assumptions.
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from hoop stress which is resisted by the force V. M_ is

caloculated with the standard flexural formula:

M o= Z= {1)

where ¢ is a specified limiting stress in the longitudinal
direction, ¢ is the distance to the extreme fiber in bending (1/2
of the steel thickness t), and the moment of inertia (I) is egual
to st¥/12. The arc length s is alternatively expressed as rd#
where r is the CMP radius and df is a differential angle of the
transverse cross-section as shown in Figure 6.1b. Putting this

all together:

(z)

Two limiting assumptions are made before calculating the
vertical force components (F,, and F,) due to the hoop stress.
The inflection point hoop strains typically are small; however,
they are assumed to be zero to simplify the computations. Alse,
the hoop and longitudinal strains are assumed to vary linearly
with the vertical distance from the corrugation neutral axis
shown in Figure 6.2b. BEased on the strain assumptions, the hoop
stress is zero at the inflection point and the hoop and
longitudinal stresses vary linearly with distance from the

corrugation neutral axis. R,, is defined as the distance from
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Detail A

{a} CMP specimean

tangent point
Ryp = Y1/ Y2 — crest
\;\\ r.—Z;
corrugation neutral axis
ib) Detail A

Figure 6.2 Definition of the tangent point ratio (R;),



75

the corrugation neutral axis (CHA) to the tangent point divided
by the distance from the CHNA to the crest shown in Figure 6.2b.
R,, is used to calculate stress at the tangent point as a
function of stress at the crest. F , acts at a distance of one
third of the tangent length from the inflection point times the
cosine of the tangent angle, ¢, and is expressed as:

Rpo,tL,

Fg = 4

a8 3
fz} (3)

where o, is the limiting hoop stress. F, is expressed as:

&
Fio = 1[0 ytRda) 22 (4)
=]

where da is the differential angle of the longitudinal cross
section, and o, is the hoop stress acting over the curved
section of the guarter cycle. Ty 18 :

i-R.0 &/
Oys = Rpp0 a gyl e/

R{1-cosé] -8l - 5
el gt R(1-cosd) [cos ($-a) -cosd] (5}



T

The moment of F,, about the inflection point is as follows:

[1 'pr:l

wgﬂ+u"TEtEEE$T{cﬂs:¢—uj—cus¢3]thu]£

"
M, = [[[=2-Rsin(é-a)] R
[}

(8)

where s, is the corrugation spacing (pitch).

After integration:

- a,trK 2 (7}

H“ 2

whara:
& ssindk, s_dcosdi, Rsinbr,
K.I. - Girr'b'ﬁ "'.E 3 - ry —R‘ER[l—ccEM “Tﬂ {BJ
+Rcosd Kg-Rcos*d Ky {8)
where:
i 9
Fa 1-cosd (9)

Numerical values for K, of 3x1 CMP are shown in Table 6.1 with an
average value of 0.3828. These values are theoretically derived
as shown above and vary slightly between CMP of differing wall
thickness.

With the forces and moments which act on the FBD developed,
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Table 6.1 Numerical values of K, for 3xl CHMP.
Gage Ky
20 0.3808
18 0.3812
16 0.3817
14 0.3823
iz 0.3834
10 0.3846
8 0.3858
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summation of moments around the inflection point yields the

following expression:

¥ My - H¢-dp{%}+gpmﬂ+gﬂrﬂ -0 (10)
Solving for dP:
2 Locosd
dp = o (M +2 Fyy———+2 M ] {11)

&

dP is assumed to vary linearly from a maximum at the top of the
CMP to a minimum at the CMP neutral axis as shown in Figure 6.3a.
Therefore, the contribution of each element to the resisting
moment capacity includes the term 4P multiplied by its moment arm
and by cosf to account for the linear variation of element
strength which is assumed to increase with distance from the CMP
neutral axis. Because the transverse cross section is
symmetrical and the strength contributions of each 1/4 of the
cross section are egual, the CMP differential resisting moments
are integrated over 1/4 of the CMP cross section and multiplied

by 4 to account for each section as shown:

ni2

M - 4f (reosf) (eosh) (dP) (12)
a
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T I:IF i maximum

= r cos8 (lever arm)

N.A.

[a] transversa saction view

(B} leongitudinal sectien view of corrugation

Figure 6.3 CMP cross-section views.
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The CMP moment due to a specified limiting stress, M, is then

exprassed as:

cosd

Enrta;[rt+
12

L:
Mg = d 6 Kl s Rp+KR) ] (13)

o

o, is any limiting longitudinal stress within the elastic range
which may be specified for use with this formula; yield stress
has been defined as failure for the purposes of this study. K,
is the ratio of hoop stress to longitudinal stress for any CMP
element and d. is the corrugation depth as shown in Figure 6.3b.
6.2. Longitudinal Ultimate Moment Capacity

Flexural failure of CMP has been defined at a limiting
biaxial yield stress on the critical compression-side element;
however, considerable moment capacity may exist prior to the
onset of severe corrugation deflections and severe vertical
deflection of the CMP. A formula is developed to calculate this
ultimate moment capacity that is based in part on the previous
formula to predict the longitudinal moment capacity at a limiting
stress.

To estimate the ultimate moment capacity, it is inferred
from the measured strains that the critically stressed element on
the compression side of the CMP has yielded and formed a plastic
hinge as more load is applied. This plastic hinge initiates at
the crest and extends down to the tangent point at incipient
collapse as shown in Figure 6.4b. OQutside the region of the CMP

yielding, other portions of the CMP cross-section are below yield
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{a) CMP speciman

Plastic hinge forms at crest or valley

Plastic hinge spreads to tangent points

(b} Detail A

Figure 6.4 CMP plastic-hinge assumptions.
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and behave elastically. An angle designated as E“ divides the
two regions of elastic plastic behavior, as shown in Figure 6.4c.
The eguation for calculating the resisting moment capacity of the
elastic region is a modification of the formula used in
determining the limiting stress moment capacity. The resisting
moment capacities of the plastic and elastic regions are
developed in the following paragraphs.

lastic M v Contriputi

As developed earlier:

2L.cosd

2
aF = 5 Mt =3

L=

+2M, ] (14)

The differential moment contribution for any element varies
linearly from zero at the neutral axis to the maximum at 8, as
shown in Figure 6.4c. Therefore, each differential moment term
(rcosfdP) should be multiplied by a ratioc of its lever arm to the
maximum lever arm (rcosf/ rcosf,) prior to integration:

_ rcosB {15)
Hl[ﬂ!.!‘] 46_,’:.‘:'::'53 dFm
-
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where Mg e, is the elastic region moment contribution to the

ultimate moment. After simplifying, Hunm.is expressed as:

ﬂrtub_[rt* Licosd

x B sinz2f
Mztass drosf,, & Kol—13 )

RyptKyR) ) [ -— 7

{16)

lasti | ¢ Contribut]
Figure 6.5a shows the assumed distribution of hoop stress in
a section of the corrugation between the tangent point and the
inflection point (1/2 of the tangent length). It is assumed that
a plastic hinge is formed at the tangent point and that the hoop
stress is at yield from the tangent point to the crest. Figure
6.5a shows the FBD's used to develop an expressicn for M, in
terms of o,. M, is the plastic hinge resisting moment within

the corrugation as shown in Figure 6.5a.

F = unf:ds - ”“-'Etrdﬁ (17)

where F runs longitudinally as shown in Figure 6.6a.

E 0. td
M, = —F =~ ——rdf (18)

Before dP can be determined, F, and V, are related by the FED in
Figure &.6b where it is assumed that, for equilibrium, the sum of
all vertical forces is zero. F, is the vertical force component
of the hoop stress within the curved portion of the 1/4

corrugation cycle as shown in Figure &.6c. Vi is the upward
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dpP

dP

{a) plan view of linear corrugation segment

N s

(b) end view of linear corrugation segment

Figure 6.5 Assumed distribution of hoop stress.
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fal] FBD of plastic hinge
{longitudinal saction view]

ds=rd@
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(b} relationship of arc length to transverse section angle

Figure 6.6 CMP cross-section views.
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{e) longitudinal section view
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{d} transverse section view

Figure 6.6 cContinued.



B8

vertical force acting at the tangent point which reacts F,.

Fy= (0 ptRb) 2 (19)
V, = 2Fy = 0 4 tRbdD (20)
From Figure 6.7:
L. L tL. L t2
Y M, =0=dPTsing-o wtRb—Icospdl- LB T “Topgpan- 2x- Lo
2 2 4 3 4
(21)

The resulting differential resisting force is:

. Oytdd oL tr
dpP m[ﬁ;{m 3 ]EDE** ELT] (22)

The longitudinal resisting force (dP) is multiplied by its
lever arm and this product is integrated from the top of the CMP
down to the elasto-plastic angle EEEP] . Because the transverse
cross section is symmetrical and the strength contributions of
each 1/4 of the cross section are egual, the CMP differential

resisting moments are integrated over 1/4 of the CMP cross
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Figure 6.7 FBD of linear segment from 1/4 corrugation cycle.
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section and multiplied by 4 for each section as shown:

dEP
Mospge = 4 f:msadp (23)
[t}
do . £r L
o — TT;F [j{'im¢_ﬁ—r]caa¢+ Et;.r] sinf g (24)

where M, ..., is the ultimate moment contribution from the plastic
region. The ultimate moment based on #, is the sum of the
resisting moments from the elastic (Eguation 16) and plastic

(Eguation 24) parts of the CMP cross section.

Myazey = Mpiozey + Mzioze (25)

Using the ultimate moments obtained from the three ISU tests and
setting K equal to 0.64, #, is calculated resulting in an
average experimental value for &, of 73.4 degrees. However, the
resulting moment capacity contribution from the remaining elastic
part of the cross-section is small in comparison to the moment
capacity contribution from the plastic part of the cross-section.
With the assumption that the entire cross-section is subject to

plastic deformation (#,=90 degrees), the ultimate moment
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capacity simplifies to the following revised formula:

_ Ao ,tr L, = 5
M, m.;I:HI:I_[.Fi::rﬁ-:'tla-+ —= ) cosd+ ELT] (26)

6.3 Theoretical CMP EI Factor

To calculate CMP vertical deflections, an EI term is needed.
Where E is the modulus of elasticity (E) of steal and I is the
moment of inertia which is a function of the CMP geometry.
However, calculation of I becomes complex because the CMP
transverse cross-section is not constant in the longitudinal
direction. The moment of inertia, I, for CMP is considerably
smaller than the I for smooth-wall pipe (I=nr’t), because the
smooth wall has a constant transverse cross-sectien which is much
gtiffer due to the differing CMP wall geometries as shown in
Figure 6.8. To develop an expression for I, an energy approach
known as the unit load method is used to relate the applied load
and the CMP mid-span vertical deflection. This relationship
applies to simple-span beams under uniform distributed load:

AR . k wL*®
IB4ET 8G4

(27)

A, -

where A, is the vertical mid-span deflection, w is the uniformly
distributed load on the CMP, L is the length of the CMP between
support points, k, is a factor to account for variation of

transverse shear stresses over the cross-section, A is the steal
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dP _dF

{a) smocth-wall pipe

4P dF

(b) CMP

Figure 6.8 Comparison between smooth-wall pipe and CMP.
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cross-sectional area, and G is the modulus of rigidity for steel.
However, the deflection term due to shear {k;ﬂff&ﬁh} is small in
comparison to the deflection term due to moment (5wL*/384EI) and
is not considered in the analysis. Exclusion of the deflection
due to shear term introduced a maximum error of approximately
0.3% for Test 3 and smaller errors for the other two tests.
Before guantifying the energy in the CMP, assumptions need
to be made about the distribution of stresses throughout the
pipe. The loading produces a moment oen the CMP such that the
critically stressed element on the compression side of the CMP is
at a specified limiting stress within the elastic range. It is
assumed that all other elements in the CMP wall are at stress
levels lower than the aforementioned limiting stress. Stress at
these locations is quantified by four factors (K, through K,)
which are multipliers for the limiting stress. Each factor is a
ratio of the distance from a location of assumed zero stress to
the element divided by the distance from a location of assumed
zero stress to the highest stressed element. The four factors
are:
1) K, = M/M, where M=0 at the end supports, M=M, at the mid-

span, and M varies as a second order curve between these
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locations (see Figure 6.%a):

wla F'I':H.'z {za]

where the x-axis runs longitudinally.

2) K,=4d.,/(1/2 d) where d,,=0 at the inflection point (on the
corrugation neutral axis), d,,= 1/2 d, at corrugation crests and

valleys, and d., varies linearly with the vertical distance from
the CHA (see Figure &.9%9b)

3) Ky = rcosf/r = cosf where K;=1 at the CMP neutral axis

(cosf=0), E,=0 at the top and bottom longitudinal centerline of
the CMP (cosf=1), and K; varies linearly between the two limits
(sea Figure &.10a)

4a) K, = yv/{1/2)t where y=0 at the steel mid-thickness, y=(1/2)t

at the steel surface, and y varies linearly between the two

limits (applied to lopngitudipal stresses; see Figure 6.10b)
4b) K, = t/t = 1 where the stress is constant throughout the

steel thickness (applied to hoop stresses)

Stress at any location can now be gquantified:

g = 0,,. K K K K (29)

Referring to assumption 4a, longitudinal stress is assumed

to vary throughout the steel thickness due to localized
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CMP Specimen

Moment K=F1) i M r"l-f

(a) ratio of moment at any section to mid-span moment

de
{b) ratic of the distance ocutward from the corrugation neutral

axis to the maximum distance of 1/2 of the corrugation depth

Figure 6.9 EI factor assumptions.
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r cosB

(a) ratio of lever arm for any element to maximum lever arm

Y *u_h

— ‘_-_--'""-H..__

e —

(b) ratic of the distance outward from the steel mid-thickness
to 1/2 of the steel thickness

Figure 6.10 EI factor assumptions.
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bending. The longitudinal stress on any element is:

; |
L= O ) (2B (£COTD (V)
hax 24, .

1)

(30)

pa |

where o, is oriented in the longitudinal direction.

Referring to assumption 4b, hoop stress is assumed constant
throughout the steel thickness. This assumption was determined
after developing the EI formula for both linearly wvariable and
constant stress within the steel thickness . The resulting
formula from both derivations were used to calculate thecretical
EI factors which were compared with experimental EI factors.
This comparison supported the assumption of constant hoop stress
throughout the steel thickness. The resulting expression for

hoop stress is:

+/ (31)

where o, is oriented in the hoop direction.

The principal stresses acting on each CMP element (o, and
d,,) are assumed to be the longitudinal and hoop stresses.
Although this assumption is not rigorously correct for all
elements, in this derivation it is used to characterize the
stress distribution. It is evident that shear stresses exist on
many elements oriented in the hoop and longitudinal directions,

but these stresses are significantly smaller than normal stresses
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dua to fleaxure.
The generalized formulas for major and minor principal
stresses (longitudinal and hoop stresses) are now used to

calculate the strain energy per unit volume, U_:

ﬂ=p1+‘33p: - 'ﬂi',*ﬂ_ir (3z2)
2E 2E 2E 2E

o, =

Due to the complex nature of the corrugation geometry, the strain
energy per unit volume is integrated over the volume of a generic
longitudinal segment of the CMP as shown in Figure &6.11. The
segment has a length of 1/4 cycle in the longitudinal direction.
The strain energy from all segments .is then summed to calculate

the strain energy (U) in the entire CMP. This eguation is:

Ny 2 2
Tpr Tgs

U‘EE: [ b e | IV (33)
,,,_lf 2E 2F

where ds=rdf, dVerdfdtdx, N, is the number of quarter cycle
segments in one half of the CMP length, and n is the guarter

cycle segment count number used in the summation. After
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OUTSIDE

SECTION A-A

Figure 6.11 1/4 cycle length of CMP.
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performing the integration:

4 Oyayr K
S AL Ll (5 +K3) [ cx (34)
E Mgy d?

F|
4umrﬁ'gﬂt] [lﬂf]

BN 3 (35)

Ieth"-[

E. is a derived geometrical parameter resulting from the energy

integration and is shown:

K, = {2R*-Rd¢+%d§}Rsinﬂ:-%ﬂ*sin“{:-{R-%dﬁl (sindpcosd+d) R?

Lr o2 16
+ 3 sin*pcosd (36)

Humerical values of K, for CMP with 3xl1 corrugations are shown in

Table 6.2 with an average value of 0.09215.
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Table 6.2 Numerical wvalues of Hu for Ixl CMP.

Gage Kﬁ

20 0.093323
18 0.09306
ig 0.09276
14 0.09243
12 0.09176
10 0.09115
8 0.09054
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To find the deflection resulting from strain energy in the

N,
au S oy Oy
E - ﬂ_"- _K'EEI EHLE ta?]

A general expression for the applied moment on the CMP is:

M, - 15%'-'5}.1—:—1%'}33 (38)

where P is a fictitious concentrated load at the CMP mid-span and
M, i= the moment at any distance x aleng the lengitudinal axis.
After performing the previous summation and letting P go to zero:

3
EH’L"'_. FI-"LJ* WL 3#] IE’]
565, 32 384

-ﬁ-r‘[

From standard beam theory for a simple-span beam under uniform

distributed load:

- _SwLY (40)
184 ET
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Substituting:

2
SwWLE ;Q[EWL‘+”53+”L ey (41)
3B4ET 565, 32 384

SLis,
20L%+12L8_+83

K, ET = { } (42)

For most CMP spacimens:

2 2
L*»Ls_»3_

Thus, the last two terms in the denominator on the right-hand
side of Egquation 42 may be assumed to be zero. Considering the
lengths of CMP used in the field and corrugation styles, this
assumption (ie. Ls =0 and sf-ﬂj introduces an error of less than

1%. Therefore:

5 My Bd? 3
ET = Z£] ] [ 1 43
4 iuhﬂxant 1+3.F:: (43)

Recalling Eguation 13:

Miny 2nrt , rt - L;C03¢ (
- [ ——_ ' - | 44
& pax d. [ & o (R 12 +KR) ] )
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Substituting [Hh“fuhujz to express EI in final form:

3 2
Ens.rt 3 Itﬂf,l{ Lysind cns¢+le}] (45)

El =
K, 1.0 6 12d,

As discussed previously, E can be divided out to leave the
remaining expression for the CMP moment of inertia.
6.4. Large Deflection Considerations

Large corrugation deflections do not seem to occur prior to
collapse; thus, most likely they do not have a significant effect
on the moment capacity of the CMP. This is evidenced by test
data showing changes in corrugation crest spacings at mid-span on
the compression side of the CMPF as shown in Figure 6.12. These
length changes, which are averaged over a nominal gage length of
6 inches, indicate that corrugation movements are small enough so
that the repositioning of local compressive forces acting on the
corrugation is insignificant. After collapse, the pipe is
subject teo relatively large corrugation movements.
6.5 Diameter Change Effects

Vertical and horizontal mid-span diameter changes are shown
in Figures 6.13 and 6.14. Figure 6.13 includes all tests where
the diameters increased; due either to placement of sand on the
top (horizontal diameter increase) or placement of water in the
CMP (vertical diameter increase). Figure 6.14 includes all tests
whare the diameters decreased; due either to placement of sand on
the top (vertical diameter decrease) or placement of water in the

CMF (horizontal diameter decrease). As shown in the figures, the
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diameter changes are increasing exponentially with CMP diameter.
This is consistent with the general trends shown in Young, 1989,
for rings supported by slightly different support methods.
6.6. Helix Angle Effects

The helix angle of CMP varies from approximately 33 degrees
for small diameter specimens to 6 degrees for large diameter
specimens, with wvariation due also to corrugation style and
manufacturer. It was postulated by Lane (1965) that CMFP with
helix angles less than 8 degrees will act similar to pipes with
annular corrugations. For this reason, test results are not
modified for helix angle effects as their helix angle of 10
degrees is not appreciably larger than & degrees. Also, the
development of formulas for longitudinal moment capacity and
stiffness, which is based on the aforementioned tests, assumes
circumferential corrugations even though the corrugations were
helical. Neglecting the helix angle effects should be
conservative, because the beam strength of helical pipe of egual
size and gage is greater than that of annular CMP due to the
shallower corrugations and the diagonal direction of the

corrugations (Armco, 1955).
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6.7. Comparison of Experimental and Theoretical Results

The theoretical formula predicted non-conservative yield
moments for the three ISU specimens as shown in Table 6.3.
Disagreement between experimental and theoretical could be
described either as insignificant or important, depending on
limit of the range of experimental wvalues. Also, significant
variations in yield strength between specimens will affect the
agreement with the theoretical yield moments.

Ultimate moment capacity calculated by the theoretical
formula is in reasonable agreement with the experimental results
as shown in Table 6€.4. However, this agreement is somewhat
artificial because the assumption of a value for #, is a result
of knnwledée gained frﬁm the experimental results.

The EI factor formula provides reasonable agreement with the
test data for Tests 1 and 2 as shown in Table 6.5. This formula
does not agree well with the laboratory results for the third
test. However, there may be some bias in the experimentally
determined EI factor due to end effects from the diaphragms and
distortion of the CMP cross=-section. All EI facters caleculated
with the theoretical formula are conservative with respect to the

actual test results.
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Table 6.3 Compariscn of yield moment walues: theoretical
vs. experimental.

e T s e/ —_— T
Difference
Experimental Thecretical from
¥Yiaeld Moment Yield Moment experimental
Test (k=ft) (k=ft) (%)
ISU1 22 .6 25 .4 +12.4
ISU3 32.3=-42.7 47.7 +11.7 to +47.7
—_— T e— - =
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Table 6.4 Comparison of ultimate moment values {assuminq
8,,=90 degrees]: theoretical vs. experimental.

Difference
Experimental Theoretical from
Ultimate Ultimate experimental
Test Moment (k-ft) Moment (k=ft) (%)
IsSUl 67.5 66.5 -1.5
I5U2 71 T4.0 +4.2

ISU3 109.1 126.4 +15.9
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Table 6.5 Comparison of EI factor values: theoretical wvs.
experimental.
_ Difference
Experimental Theoretical from
EI factor EI factor experimental
Test (x10* in®-1b) (x10* in’-1b) (%)
I5U1 911 B40 =7.8
Isuz 1060 994 =17.2

1503 3443 2062 -40.1
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7. FIELD TEST

7.1 objective

In the previous phases of this investigation, analytical
models were developed to estimate the longitudinal bending
strength of CMP of any diameter, gage, or corrugation style.
These models were based upon experimental data gathered from the
load testing of three CMP. Obviously, in a typiecal field
situation, the pipe behavior is dictated not only by its own
strength characteristics but also its interaction with the
surrounding soil as well., Investigation of this seoil-structure
interaction was the primary objective of this phase of the
project. A full scale field test was conducted to obtain
preliminary data and to gain insight inte this interaction.
7.2 Description of Test Specimen

The CMP used for the field test was galvanized steel, 10
feet in diameter with 3 by 1 helical corrugations. Two separate
sections of pipe with this corrugation style were used in
constructing the 52 feet long test speacimen. A saction 27 feat
long at the upstream end was connected to a section 25 feet long
with a 10 inch wide band as shown in Figure 7.1. Each section of
the pipe was 10 gage with the exception of the last 5 feet at the
downstream end which was & gage.
7.3 Excavation and Bedding Preparation

An existing embankment of undisturbed glacial till at the
ISU Spangler Geotechnical Laboratory site was axcavated. The

base of the trench was approximately 14 feet wide and the sides
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Figure 7.1 Longitudinal profile of test specimen.
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of the trench were sloped at 1 horizontal to 1 vertical. Details
for a Class "C" bedding were followed in preparing the base,
Specifications reguire 10% of the pipe height to rest in a saddle
cut from compacted soil or natural ground. Accordingly, after a
1 foot laver of compacted soll was constructed, a template was
used to shape and check the concave saddle cut from the compacted
bedding (see Figure 7.2).
7.4 Placing Pipe Sections

Each section of pipe was carefully placed in the trench with
the use of a 25 ton crane. Prior to placing the pipe sections, a
loose lift of soil was placed within the cradle to ensure the
volds between corrugations were filled with seil. The two
sections of pipe were aligned longitudinally with the aid of the
concave saddle. An acceptable match between the transverse cross
sections where the sections were to be connected was obtained and
the three piece "Hugger Band" was placed around the two pipe ends
and tightened to firmly jeoin the two sections of pipe.
Considering the loads the joint would be subjected to during the
uplift test, a decision was made to strengthen the connection to
prevent a premature joint failure. It was thought that without
strengthening, the pipes would simply rotate at the joint with ne
bending stresses being transferred between the tweo sections of
pipe. Thirty-four, 1/4 inch thick, 2.5 inch wide by 18 inch long
steal plates were wWelded around the inside circumference of the
joint. The plates were concentrated at the top and bottem of the

connection because higher stresses were expected at these
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Figure 7.2 Excavation-bedding preparation (Class "CW").
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locations. A detailed illustration of the joint is shown in
Figure 7.3.
7.5 Instrumentation

Data collected for this test included strains on the inner
surface of the pipe, deformations of- the pipe cross section, and
pressures within the seil surrounding the pipe. Each measurement
was read and recorded using a computer controlled data
acquisition system (DAS) placed inside the Spangler Geotechnical
Laboratory building. Data was obtained during the actual uplift
test as well as during the soil backfilling. Also, wvertical
deflection measurements were manually monitored during the uplift
portion of the test.

Six longitudinal sections (shown in Figure 7.4a) were
instrumented with strain gages. Gages to measure longitudinal
and hoop strains at the peaks of corrugations were placed at the
top, bottom, and at both ends of the horizontal diameter at all
gix locations as illustrated in Figures 7.4b and 7.4c. Thus, at
each instrumented section there were 8 strain gages.

Lightweight reods with DCDT's appropriately attached were
connected to the inside walls of the CMP near the same six
sactions that were instrumented with strain gages (see Figure
7.4a). It was necessary to slightly offset the deformation
instrumentation from the strain gages to avold introducing stress
concentrations. However, for the remainder of this report, the
deformation rods will be referenced according to the

corresponding strain gaged sections. Horizontal deformation rods
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}
A UPSTREAM SECTION DOWNSTREAM SECTION

{a) Profile of test specimen

(b) Section A-A Joint detail

3 @ 8.6 DEGREES

TOTAL NUMBER OF SPLICE PLATES = 34

1@ 10.5 DEGREES 18" X 15" X 15" STEEL FLATE

1@ 113 DEGREES

5.7 DEGREES

(c) Section B-B Placement of steel plates at joint

Figure 7.3 Joint details.
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were located 6 inches downstream of the strain gaged sections
while wvertical diameter changes were monitored at locations &
inches upstream of the strain gaged sectiens. Details of this
instrumentation are shown in Figure 7.5. This instrumentation
is similar to that used in the load tests of the three CMP's
described in Section 4.5 and Figure 4.12 of this report.

Soil pressure cells were installed within the backfill
adjacent to the pipe's horizontal diameter, directly above the
CMP and adjacent to the prism of soil defined by the pipe
diameter. The pressure cells were placed at Sections A, B and C
as shown in Figure 7.6a. MNote, Sections A and B are 2 feet
beyond strain gaged Sections 2 and 3 respectively while Section ©
is coincident with Section 4. Specific placement of the cells at
each of these sections is illustrated in Figures 7.6b, ¢ and d.

Vertical deflections of the pipe were measured with vertical
steel rods which were attached to the top of the CMP and extended
above the fill at the seven locations shown in Figure 7.7a. With
respect to strain gaged Section 1, Section a is 6 feet upstream,
Section b is 1 foot downstream, and Sectieon ¢ is 5 feat
downstream. Section d is 1 foot upstream of strain gaged Section
3 while Sections e, f, and g are analeogous to Sections 4, 5, and
& respectively. As detailed in Figure 7.7b, scales were attached
to the rods and their movements were monitored with a transit,
7.6 Load Frame Description

The pore pressures resulting from steady state seespage

beneath the pipe, believed to be the cause of many inlet uplift
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DETAIL D DETAILL D

LIGHT WEIGHT RODS

(a) Horizontal deformation bars (b) Vertical deformation bars

ROD

(c) Detail A (e) Detail C

PIPE WALL
ROD

(d) Detail B (f) Detail D

Figure 7.5 Instrumentation to measure diameter changes.
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Figure 7.6 Soil pressure cell locations.
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Figure 7.7 Vertical deflection rods.
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failures, were simulated with the use of two load points located
5 feet and 15 feet from the upstream end of the pipe. Uplift was
provided by a set of hollow core hydraulic cylinders supported on
an overhead load frame. The loads from the hydraulie eylinders
were transmitted through a system of high strength rods to 15
inch wide steel straps that passed under the bottom half of the
pipe. A grout mix was pumped between the straps and the pipe
corrugations to ensure that the load would be distributed over
the full 15 inch width thus deterring any local failures. A
beam-girder system was used to transmit the hydraulic cylinder
forces to four supporting columns. For stability, structural
steal angles were used to brace the beam-girder system and 3/8
inch wire repe, between the girders and ground anchors, prevented
lateral movement of the load frame. A detailed drawing of the
load frame is shown in Figures 7.8a and 7.8b; Photographs of the
test set-up are shown in Figures 7.8c and 7.8d.
7.7 Backfilling

Proper backfilling techniques require knowledge of the type
of so0il used as fill material and the type of structure that is
being backfilled. Specifications required fill around culvert
pipes to be compacted to 90% of the maximum dry density obtained
from a standard proctor density test. To reach this level of
compaction, the backfill material must be at or near the moisture
content associated with the maximum density. Standard procter
density tests were run on two so0il samples obtained from the site

to determine the compaction characteristics. The test revealed a
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Figure 7.8 Load frame description.
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(d) Test setup after backfilling

Figure 7.8 Continued.
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maximum dry density of 120 pef at a 12% moisture level.

In the beginning stages of the backfilling process, the
haunch areas located near the base of the pipe were so confined
that mechanical compaction equipment could not be utilized.

These areas were therefore compacted by hand using 2 inch x 4
inch "studs®". As the fill depth exceeded the haunch region,
adequate space was available for the use of mechanical tampers.
Loose lifts approximately & inches deep were placed and evenly
spread prior to compaction. After compaction, moisture and
compaction levels were checked by the sand cone method to confirm
compliance with specifications. Backfilling alternated from side
to side so that the two fills were kept at approximately the same
elevation at all times. A typical cross section detailing the
backfill process is shown in Figure 7.9. As shown in Figure
7.10, an embankment with a slope 2 horizontal to 1 vertical was
formed during the backfill. This embankment started
approximately 1 foot above the bottom of the pipe at the upstream
end and sloped upward until a cover of 2 feet was obtained. This
profile was constructed to simulate a highway embankment with
minimum cover and typical foreslope.

7.8 Backfill Data

Data was recorded at six different stages of the soil
backfilling process. An initial reading was taken after the
haunch areas on each side of the pipe had been adeguately
compacted. This corresponded to a layer of soil 2 feet above the

bottom of the pipe. Additional readings were taken as seoil
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Figure 7.9 Backfill details: cross section.
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Figure 7.10 Backfill details: lengitudinal.
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levels reached 5 feet, 7 feet, 8 feet, 10 feet, and 12 feet as
shown in Figure 7.11.
7.9% Backfill Results

Representative samples of data from the instrumentation used
during the soil backfilling process are presented in this
section. Measurements included strains on the inner surface of
the pipe, horizontal and vertical diameter changes and pressures
within the soil backfill. The change in values between
measurements were in response to the increase in depth of fill.

Both horizontal and vertical diameter changes were

monitored during the backfilling. Although some sections
previously noted were not equipped with instrumentation due to
the lack of available DCDT's, the majority of the sections were
fully instrumented, which provided a sufficient amount of data to
detaermine the behavior of the CMP during the backfilling process.

As the level of fill increased, changes in the CMP's cross
sectional shape were evident. The compacted soil was exerting
enough lateral pressure on the CMP te cause horizontal inward
movements. Conseguently, the top of the pipe also responded by
deflecting upward. Figure 7.12 graphically illustrates these
deformation patterns. Horizontal and vertical measurements are
shown for Sections 2, 3 and 4 while an additional data set
representing the horizontal movement at Section 6 is also shown.
Observation of these particular data suggest that nearly all the
deflection at a specific section occurred within the first 7 to 8

feet of fill. After reaching this level, the plots show that
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Figure 7.11 Stages of backfill where instrumentation readings
were taken.
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additional lavers of so0il had little affect on the CMP's cross
sectional shape. This may be attributed to the fact that a
majority of the added pressure in this region of fill was acting
downward on the CMP's upper surface but did not cause significant
deformations because of the confinement provided by the compacted
s0il around the CMP.

The addition of backfill material beyond the top of the CMP
was expected to cause some vertical downward movement. In fact,
in high £ill situations, the deformation pattern discussed above
is actually reversed; the pipe's crown is deflected downward
while the sides of the pipe tend to move outward. In this
particular case, the relatively shallow fill did not provide
enough pressure to cause a complete reversal. However,
observation of Figure 7.12a suggests that the onset of this
behavier, marked by a slight decrease in the pipes wvertical
diameter, was occurring at Sections 2 and 4 during the last 2
feet of fill (10 to 12 feet).

The data show that the deformations, horizentally and
vertically, for a particular section were very comparable. It
was noted that the horizontal deflections at Sections 3 and 4
ware slightly greater than the corresponding vertical
deflections. Also, the deflections at Sections 2 and 6 appear to
be significantly smaller than those at Sections 3 and 4. The
smaller deflections measured at Section 2 may be attributed to
the fact that Section 2 was located in the embankment region of

the soil profile where the level of fill was less than that at
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sections downstream such as at Sections 3 and 4. Also, Section €
is located at the end of the downstream portion of the test
specimen where the 8 gage steel section was located. Because of
the additional stiffness in this region (due to the thicker steel
walls), deformations for similar magnitudes of loads would be
emaller.

Longitudinal and heoop strains present on the inner surface
of the CMP at the peaks of the corrugations (see Figure 7.4) were
recorded during the backfill process. Representative strain data
from Sectiens 2, 3, 4 and & are presented in Figures 7.13 and
7.14. From Figure 7.13, it is apparent that very little strain
was present in the longitudinal directien while significantly
higher strains were acting in the hoop directioen.

A comparison of the cross sectional deformation data and the
strain data further explains the behavior of the CMP during
backfilling. As shown in Figures 7.13b and 7.14, hoop strains on
the sides of the pipe at mid-height (indicated by left and right)
were positive indicating tension. Inward movements of the pipe
walls, consistent with the deformation data presented earlier,
would cause tensile strains on the corresponding inner surface.
Conversely, hoop strains on the top of the pipe (indicated by
top) were negative signifying compressive behavior. oOutward
movemants of the walls at the top of the pipe, evident from the
data introduced earlier, would cause compressive forces to
develop on the inner surface. Also, a majority of the strain in

thesa regions appeared to develop within the first 7 to 8 feet of
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fill similar to the cross sectional deformations. The two sets
of data - strains and deformations are indicating the same
behavior.

variations in the magnitudes of strain on the top and
bottom, as well as the left and right sides of the pipe at
certain sections were noticeably different. The variations
batween thea top and bottom strains can be partially attributed to
the fact that the bottom of the pipe was firmly setting on a
compacted bed of sclil and was essentially prevented from
deforming vertically while the top of the CMP had no external
constraints resisting deformations wvertically. These boundary
conditions may have forced all vertical deformations to take
place in the upper regions of the pipe. Assuming this
deformation pattern took place, the top of the CMP would have
developed larger strains than the bottom which is consistent with
the strain data. Variations in strain between the right and left
sides of the pipe may be due to a number of things. The most
obvious reason would be one side of the pipe deflected inward
more than the other, resulting in different strains at the two
locations.

So0il pressure cells placed within the soil backfill
monitored the changes in pressure around the CMP. Lateral soil
pressures at the mid-height of the CMP were measured with Cells 1
through 3 and Cells & through 8 as shown in Figure 7.6. Figure
7.15 shows the lateral scil pressure recorded at these locations

varsus the level of fill. As the level of fill increased, the
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lateral pressures also increased. If a best fit line were drawn
through the data it would extend from 0 psi pressure at the fill
height of 5§ feet to approximately 2.75 psi at the £ill height of
12 feet. If the backfill responded along this ideal loading
path, the lateral earth pressure coefficient (K) would be
constant. Assuming a soil density of 120 pcf, the vertical
stress is 5.83 psi or K is 0.5. However, the coefficient at
different stages of the backfill is likely different because the
soil-structure response was changing as the fill progressed
upward. It was shown earlier that the walls of the CMP were
moving inward from a £ill height of 5 to 8 feet which would cause
the adjacent soil mass to be in an active state. However, from a
fill height of 8 te 12 feet insignificant movement of the CHMP
walls was recorded suggesting that the soil mass was at rest.
Although the lateral earth pressure coefficient for an active
case is lower than that of an at rest case, the plot shows a more
rapid increase in pressure, and therefor a larger lateral earth
pressura coafficient, from 5 to 8 feet of f£ill than from 8 to 12
feet of fill. The effects of the compaction equipment on the
cells early in the backfill was probably more pronounced than
later in the backfill which may explain the more rapid increase
in pressure from a fill height of 5 to 8 feet.
7.10 Uplift Data

The loads applied during the uplift portion of the test were
to simulate the pore pressure distribution resulting from steady

state seapage beneath the pipe. A load ratioc of 2 between the
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load on the front lift straps and the back 1lift straps closely
approximates this situation. Load cells were placed beneath the
hydrauliec cylinders and monitored with the DAS for accurate force
measurement. A remote computer was linked to the DAS which
allowed the data collection process to be computer controlled.
This permitted recording all data practically simultaneocusly.

Bafore loads were applied, initial readings were read and
racorded for each instrument. The first portion of the program
continuously updated the forces being applied at each load point
and gquickly displayed this information. This information was
constantly monitored and communicated to the individuals applying
the force until the desired combination of loads was cbtained.
After obtaining the desired magnitude of uplift, applied loads,
strains, and deformations were read and recorded. This seguence
of events was repeated for several load increments until a 3 inch
upward deflection occcurred at the upstream end of the pipe at
which time the test was terminated.
7.11 Uplift Results

Representative samples of data recorded during the uplift
test are presented in this section. The same type of
measurements recorded during the backfilling process were
recorded during the uplift test. In addition, load cells placed
beneath the hydraulic cylinders were monitored during the test,
and vertical deflections along the top of the pipe were
determined and recorded after each load increment.

The two load points were closely monitored to obtain the
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desired combination of uplift. As noted previously, a ratio of 2
between the forces in the front straps (furthest upstream) and
the back straps (furthest downstream) was intended to be
maintained throughout the test. Figure 7.16 displays the loads
that were applied at the different load incremants. As indicated
in the figure, the desired loading ratio was essentially
maintained throughout the entire test.

Vertical deflections at seven locations (see Figure 7.7)
along the top of the pipe were monitored throughout the test.
The deflections at each section were plotted against the
corresponding load increment as shown in Figure 7.17a. Very
little movement was observed at Section 4 while no activity was
observed at Sections e, f and g. It appears that some bending
was occurring due to the interaction of the pipe and soil within
certain regions of the system. The bending action of the pipe is
better illustrated in Figure 7.17b. This plot presents a profile
of the CMP during different stages (load increments) of the test.
The specimen is undoubtedly undergoing bending, particularly in
the region 15 to 30 feet. from the inlet. The presance of the
steel load straps provided some support at the upstream end of
the pipe and essentially limited excessive bending in the first
15 feet of the CMP.

As previously noted, longitudinal and hoop strains were
measured on the inner surface at the top, bottom and sides of the
pipe at the six sections shown in Figure 7.4. As expected, very

noticeable changes in strain were observed as the CMP began to
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bend. Unlike the backfill data, the longitudinal strains were
significantly larger than those in the hoop direction. This
behavior can be observed when reviewing typical strain data taken
from Section 3 and comparing the longitudinal and hoop strains
(sea Figure 7.18). Additional longitudinal strain data from
Sections 1 and 4 are shown in Figure 7.1%9. The longitudinal
strains on the sides of the pipe at mid-height (indicated by left
and right) were wvery small relative to those at the top and
bottom. This implies that the CMP's neutral axis remained near
the mid=-height of the pipe despite the addition of the soil to
the system. Because the strain gages were placed on the inside
of the pipe, tensile (positive) strains were measured on the top
while compressive [(negative) strainse were recorded on the bottom.
Top and bottom longitudinal strains at Section 1 (see Figure
7.1%a) were relatively equal in magnitude throughout the entire
test. However, moving further upstream to Section 3 where the
entire pipe was covered with soil, the strain on the top was less
than the corresponding strain on the bottom (see Figure 7.18h).
Recall, the base of the pipe at this particular section was
beginning teo separate from the soil as was indicated by the
deflection data discussed earlier (see Figure 7.17a; Section d).
This separation along with the expanding action of the
corrugations on the bottom of the pipe may have prevented the
interlocking soil from providing any additional resistance to
local deformations. In contrast, the top regions of the pipe

were being compressed into the soll. The additional pressure
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provided by the soil above was monitored with soil pressure cells
located directly above the top of the pipe (see Figure 7.68). A
more detajiled discussion of the soil pressure cells is covered
later in this report. The anticipated compressive action of the
corrugations due to bending may have been partially restricted
with the so0il in the corrugations being confined by the
additional pressure developed during uplift. The above
discussion suggests that the top portion of the pipe may have
gained additional stiffness from the interacting so0il while the
bottom portion of the pipe received little benefit from the soil.

Ten soil pressure cells were placed in different regions of
the backfill (see Figure 7.6) for determining the portions of the
surrounding soil that contributed to uplift resistance. At this
time, interpretation of the =o0il data is limited to observations;
and a more complete analysis - -is presently being developed to
better understand the role of the surrounding soil.

The pressure cells placed at the mid-height of the pipe were
positioned to measure the lateral pressure acting near the pipe's
sides. Cells 1 through 3 were positioned on the left side of the
pipe, loocking downstream, at Sections 20 feet, 25 feet and 32
feet from the upstream end of the pipe. Cells & through 8 were
located at the same sections but on the right side of the pipe.
These six particular cells did not respond in a consistent
manner. As shown in Figure 7.20a, Cell 1 detected an increase in
pressure from load increment 5 to 13 but slowly decreased in

pressure for the remainder of the test. Just 5 feet downstream
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on the other side of the pipe, Cell 7 showed a decrease in
pressure from load increment 5 to 13 and then experienced a
steady increase in pressure for the remainder of the test as
shown in Figure 7.20b. Lateral movements of the pipe during
uplift is one possible explanation for this response. If the CMP
initially moved slightly to the left during uplift, Cell 1 would
detect an increase in pressure while Cell 7 would experience a
decrease in pressure. If later the pipe shifted its lateral
motion to the right, the opposite behavior would occur; with
pressure measured by Cell 1 decreasing while pressures measured
by Cell 2 would increase. As shown in Figure 7.21a, Cells 3 and
8, located 32 feet from the upstream end, showed a steady
decrease in pressure for the entire test. Pressure Cells 4 and 9
located at the same section but placed further up in the backfill
experienced this same behavior as shown in Figure 7.21b. This
particular section Experien:ed little activity during the test;
no uplift occurred and very small longitudinal strains were
recorded.

Soil pressure Cells 5 and 10 placed 1 foot directly above
the top of the pipe experienced consistent, expected results. At
nearly the same time longitudinal strains were beginning to
develop on top of the CMP at Section 3, Cell 5, located just 2
feat downstream of this section, began showing an increase in
pressure as shown in Figure 7.22a. This pattern of increasing
pressure continued for a short period until reaching a level of

pressure of about 0.17 psi which was steadily maintained for the
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remainder of the test. The pipe deflection data indicates that
the CMP at this particular section (see Figure 7.17a; Section 4)
began experiencing uplift at Load Increment 15 while pressure
Cell 5 experienced an increase in pressure. These data suggest
that, prior to uplift occcurring, a slight build up of pressure
occurred on top of the CMP. However, after uplift was initiated
and the soil mass above was mobilized, the pressure leveled off
and remained constant. Pressure Cell 10 which is located 7 feet
downstream of Cell 5 experienced a continuous pressure increase
as shown in Figure 7.22b; and deflection data shows that this
region of the pipe did not experience uplift. The increasing
pressure detected by this particular cell suggests the soil was
in the pressure build up stage prior to uplift.

Changes in the pipes cross sectional shape were monitored as
the CMP was subjected to the uplift. As shown in Figure 23, very
little change was observed throughout the entire test. Sections
1, 2 and 1 were the only sections where deformations were
detected. The sides of the pipe moved slightly inward while the
top portion of the pipe deflected upward. The opposite behavior
is normally associated with bending action but the load straps
may have restrained the sides of the CMP during uplift causing
this response. Recall that the lateral pressures acting at the
pipes mid-height were greater than the corresponding pressures on
top of the CMP. Thus, very little force was necessary to

initiate more inward movement of the sides of the pipe.
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7.12 Methods of Analysis

MNote many of the parameters discussed in this document have
been plotted against the load increment. This approach was used
because the soil-CMP system is highly statically indeterminate
and conventional methods of analysis were not suitable for
computing the forces at different sections of the pipe. At the
present time, a finite element method of analysis is being
developed to determine the loads and forces in the pipe during
uplift. Data obtained from the experiment are being used to
calibrate the finite element model. After this task is
completed, a more rational comparison of all relevant parameters

at a particular section can be made.
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8. CONCLUBIONS

The following conclusions were formulated from the responses

to the guestionnaire and from the results cobtained from the

laboratory and field tests. In reviewing the conclusions from

the field test, one should remember these are based on one test:

one fill depth, one type of soil, one CMP size etc. Generalizing

these conclusions for other situations in most cases would not be

valid.

1.

Although only nine agencies responding to the
guestionnaire had had CMP uplift problems in the past
five years, 26 of the 52 respondents use some type of
uplift restraint. Eighteen of the 26 agencies
developed the restraints in response to earlier
problems.

0of those agencies that provided data on the hold-down
restraint forces, there was a wide variation.

Three CMP's [(ISUl), (ISUZ), and (ISU3} were loaded to
failure to determine experimental values for the
mgtiffness" EI, vield moments, and ultimate moments.
Valuas for these gquantities have been tabulated in
Table 6.3, 6.4 and 6.5 respectively.

For determining "stiffness" EI, yield moments, and
ultimate moments for other CMP's (different diameter,
gages, corrugation geometry ete.) theoretical
relationships for these guantities were derived. The

relationships for "stiffness" EI (Equation 45) provides
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conservative estimates. Except for Specimen ISUI,
there is good agreement between theoretical and
experimental "stiffness"™ EI's. The relatiocnship for
yield moments (Egquation 13) provides non-conservative
yield moments. Primarily the difference is the result
of variations in the steel yield strengths. The
theoretical formula for ultimate moment capacity
(Equation 26) provides wvalues that are in good
agreemant with the experimental wvalues.

Changes in the pipe's cross sectiocnal shape are evident
during backfilling as a result of the lateral soil
pressure acting on the sides of the CMP. A majority of
the deformations take place when backfilling the middle
half of the pipe height.

The primary strains developed during backfilling are
those in the hoop direction; a direct result of the
cross sectional deformations that occur during
backfilling. The lengitudinal strains during
backfilling were insignificant in comparison to the
hoop strains.

The hoop strains developed on top of the pipe during
backfilling are greater than those on the bottom as the
bottom of the pipe is firmly set in a compacted saddle
and is prevented from deforming while the upper portion
of the pipe is free of any external restraints during

the early stages of the backfill.
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The soil=-structure interaction developed during uplift
with minimum cover reguirements (2 feet) is significant
enough to cause longitudinal bending of the CHMP.
Longitudinal strains are the primary strains during
uplift. Hoop strains are insignificant in comparison
to the longitudinal strains during uplift.

In regions where the soil covers the entire pipe, the
top regions receive additional stiffness from the
interacting soil during uplift. O©On the other hand, the
bottom of the pipe is separated from the soil and
receives no benefit from the surrounding soil. This
behavior results in smaller strains being developed on
top of the pipe than on the bottom.

Cross sectional deformations during uplift are very
emall in comparison to the deformations experienced

during backfilling.
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9. RECOMMENDED RESEARCH

Az noted in the proposal, completion of this phase of the
invastigation is one of the necessary steps in the develeopment of
a design methodology and design standards for CMP tiedowns.

As was previously noted, additional field tests are regquired
to obtain an adeguate knowledge of the so0il-CMP interaction.
Using data from the additional field tests coupled with the
results from this phase of the study (Phase I) and the pore
pressure analysis from the initial phase of this investigation, a
finite element model (FEM) can be developed and calibrated. With
the theoretical FEM results and experimental data, the desired

design methodology and design standards can be developed.
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APPENDIX A

Mathod to Account for Non-Uniform Loading of CMP
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Methed to Account for Non-Uniform Loading of CMP

Vertical deflections [(measured on the bottom of the CHMP
at the mid-span and guarter=-span points) are used to develop
a curve which approximates the deflected shape of the CMP
under load as shown in Figure A.1l. After observing
photographs of each CMF in flexure, it is assumed that
curvature on the bottom of the CMP profile between the
supports and guarter-span points is minimal. Thus, the
profile is approximated as linear in this region to simplify
the computations. The slope of the bottom of the CMP between
the guarter-span points is then guantified as the vertical
deflection at the guarter-span divided by one-fourth of the
CMP length. To model the deflected shape of each interior
quarter-span, an exponential curve is fit through two
deflections at mid-span and at each guarter-span point. The
slope values are known at each gquarter-span point based on
assumptions stated abowve, and the slope at mid-span is
assumed to be zero. Thus, the actual exponent of the curve
for each side of the span will be calculated from the
deflections and the guarter-point slope. The curve egquation

is shown:

. (1)
Vo= owxt
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Slope of the curve 15 calculated as:

Ay - gy Faxi=1 (2)
dx

The coefficient w and exponent i are constant values for each
half of the span. To solve for i, Eguation 1 and Eguation 2
are combined, eliminating w. The exponent, i, can be

caleculated as:

1 =

dy (3)
dx

w |

Baecause i is constant along the entire guarter-span curve, it
can be evaluated using any value of x and ¥ on the curve. It
is assumed that the end of the curve with zero slope has
coordinates of x=0 and y=0. Division by zero prohibits
solving for i at this end of the curve. The coordinates at
the other end of the curve are designated as X=X, and y=y..

Solving for i:

Hpp dy (4)
Ve dX

The coordinates x, and y, are substituted into Equation 1 to

create an expressicn for w:
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Expressions for w and i are substituted into Eguation 1:

i
y - Yor x%‘ﬁ] (6)
1 Zar
¥or
Hop
Simplifying:
% :;EJ (7]
o= Fﬂi?F—J ar

P

Egquation 7 is the general expression for the curve which is
used to model the deflected interior guarter-spans.

To apply measured vertical deflections (shown in Figure
A.l) to the expression for a deflected curve, the following

relationships are used:

(8)
("+1" half of span) y,=-y., =-A_.-4,

("+2" half of span) ypp = V., = 8 .-4,,
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L (10}
Hop = Moy = &g = Iy
dy _ 8. _ 44, (11)
ax L 2
o
dy _ 44, {12)
dx L

Substituting eguations 11 and 12 into eguation 7, the
following eguations allow for calculation of y over sach half

of the span; v is thus denoted as Yhgr 202 ¥poae

4x," n{: ' (13)
Fhas = ':-lfl-‘:‘ﬂ_l] ':T:l o

4x 'a.a:; ' (24)
Vhez = (B o-A,) (SF) B

The following relationships eguate the x value (measured from
the "*1" end of the CMP) to a "local"™ x walue in each

guarter-span.



176

Quarter-span 1l:

(15}
Xo = X

Quarter-span 2:
gz = Lox (e

Quarter-span 3i
., - *"“—; {17}

Quarter-span 4:
Ko, = L-Xx (18)

The following egquations will alleow the deflections in each
guarter-span to be computed as a function of x (measured from
the esast end).

Quarter-span 1:

44, x (19)

Quarter-span 2:

a4,

4 ’ i (20)
A4 = A +{A_-A) {2'{-5'}1] Sede
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Quarter=span 3:

L (21)

4 o=l

I
A=A _-(A_-A [%}x—ﬂ

Quarter-span 4:

44, (L-x) (22)

With general expressicons to calculate deflections at any
point along the bottom of the CHMP, the deflections are added
to the measured depth of water in the CMP to determine the
actual water depth at any point. The water in the CMP is
divided into longitudinal sections (2 in long). The area, A,
of each slice of water can be determined by relating the area
of a circle sector to its radial dimension (see Figure A.2).
This relationship is shown below.

1 {23)

2 = -
A= X :_ 4 2_ AT _pigip-ly 2
2: 2{r q} r<sgin t—zr}

wharea:

area of sector

radius of circle

distance from center of circle to line defining
sector (assuming that a is less than r)

A
r
a4

The sector area is multiplied by the slice width and the unit

weight of water to cbtain the weight of the slice. With each
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Figure A.2 CMP filled partially with water,
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glice weight and the weight from the uniform leoad on each
elice, end reactions are calculated for the CHMP. A shear
diagram is developed for the entire CMP as shown in Figure
A.3. By summing the area under one half of the shear
diagram, the mid-span moment on the CMP is estimated for each
load step during the tests. A further refinement used to
calculate revised moment wvalues involves calculation of the
moment caused by the diaphragms rotating inward as the CMP

deflects. This is estimated with expressions which are shown

here:

. 44
H’I’s;n{tan'lﬁT‘l]] [24)

M, = 5

msin{tan-wiﬂ-?” (25)

M, =

2

whare:

additional moment caused by welght of
diaphragm

weight of diaphragm

diameter of diaphragm

effective length of CMP between supports
deflections of CMP at guarter-span points

HI'I F HIE

W
D
L

wouow o

B, B
The revised mid-span moment is calculated based on uniform
sand loading and non-uniform water loading as discussed in
this appendix. The moments due to tilting of both diaphragms

are then added to arrive at a final corrected mid-span moment
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iypical increment = 2° ;

shear assumed constant for each increment

L2

Shear, Kips

p-———— [} ————m

Figure A.3 Shear diagram for CMP specimens.
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for each load stage during each flexural test.





